We targeted LYN, a src-tyosine kinase involved in B-cell activation, in case-control association studies using populations of European-American, African-American and Korean subjects. Our combined European-derived population, consisting of 2463 independent cases and 3131 unrelated controls, shows significant association with rs6983130 in a female-only analysis with 2254 cases and 2228 controls (P ¼ 1.1 Â 10
Introduction
Systemic lupus erythematosus (SLE (OMIM 152700)) is a complex autoimmune disease distinguished by a loss of tolerance to self-antigens, deposition of immune complexes and tissue inflammation and destruction. Clinical manifestations variably include arthralgia, arthritis, rashes, alopecia, serositis, leucopenia, thrombocytopenia and renal involvement. 1 There is a striking predisposition for females to develop SLE (especially during childbearing years) that crosses ancestral and geographical boundaries, with an overall female:male ratio of B9:1.
2, 3 The prevalence of SLE is approximately two to fourfold higher in non-Caucasian compared with Caucasian populations. [4] [5] [6] These ancestral-and sex-specific differences in SLE prevalence are likely because of a complex interaction of many factors including ancestral-specific differences in genetic susceptibility to SLE, environmental exposures and hormonal influences. Genetic linkage, association and epidemiological studies have established a genetic contribution to SLE susceptibility. [7] [8] [9] Hyperactive B cells are a well-established cellular phenotype associated with individuals with SLE. There are likely many different factors that lead to this hyperresponsive B-cell phenotype. In the recent genome-wide association studies (GWAS) of SLE, 10, 11 two B-cell signaling molecules, BLK and BANK1 were found to be associated with SLE. These data suggest that aberrant regulation of B-cell signaling may be one mechanism for generating hyper-responsive B cells, which might lead to aberrant B-cell development, selection and ultimately influence the production of autoantibodies.
LYN expression is decreased in lupus patients compared with controls 12 and functional differences in LYN ubiquitination 13 have been associated with SLE risk. In mice, Lyn deficiency is one of the few src family PTK deficiencies that affect BCR signaling. [14] [15] [16] [17] [18] [19] Altered Lyn expression or activity leads to altered B-cell function, hyper-responsiveness to BCR stimulation and lupus-like autoimmune disease. 14, 16, [20] [21] [22] [23] These cumulative studies suggest that LYN plays a role in fine-tuning the immune response and alterations of LYN may contribute to autoimmunity.
Recently, a genome-wide association study conducted on European-derived female lupus subjects identified a genetic association between LYN and SLE. 24 In that study, two single nucleotide polymorphisms (SNPs), rs7829816 and rs2667978, showed significant association in some of the cohorts tested, but failed to consistently replicate in all cohorts. However, the overall combined association for these SNPs did reach genome-wide significance (P ¼ 5.4 Â 10
À9
, odds ratio (OR) ¼ 0.77 (95% CI: 0.70-0.84)). 24 In this study, we have extensively fine mapped the entire LYN gene in multiple racial populations to attempt confirmation of this genetic association and to further identify clinical or autoantibody subsets associated with LYN alleles.
Results

Individual population analysis
In this study, 90 SNPs from the 5 0 untranslated region (3 SNPs) and introns (87 SNPs) of LYN were genotyped. At the time this experiment was performed, no known non-synonymous SNPs in coding regions of the LYN gene were known. In addition, SNPs from LYN, which were earlier suggested to be associated with SLE, 24 were genotyped. Genotyping was carried out in three separate, but overlapping collaborative experiments in European-American and European-derived populations. Two additional populations, one African-American and one Korean, were also genotyped for these SNPs (Table 1 and Supplementary Table 1s online). The subjects in the European populations (sets 1-3) partially overlap with those reported in the genome-wide association study reported recently. 24 For set 1 from this paper, 21% of the cases and controls were also in the GWAS phase (set 1 and set 2) of the earlier study done by SLEGEN. 24 The subjects used in set 2 from this paper overlapped with or related to 14% of the subjects in the GWAS and confirmation phase (sets 3 and 4) of the earlier study by SLEGEN. 24 For set 3a from this paper, 77% of the cases and 63% of the control subjects were either identical or related to individuals in the earlier study by SLEGEN. 24 Finally, set 4 from this study overlapped with 67% of the individuals in the earlier study. 24 Only two SNPs, out of the 90 tested here, overlap with earlier studies. We also subdivided the European subjects based on gender and country of origin to uncover possible enrichment in one gender or possible influence of population substructure on the association results. To ensure no population substructure effects influenced these results we also used, where appropriate, principle components calculated using the 20 506 SNPs analyzed in the overall collaborative project on the European trimmed population as covariates in our association analysis to correct for any residual substructure. 0 untranslated region and SNPs flanking those typed in set 1. This particular population contained only female subjects and was not independent of set 1. None of the SNPs tested in set 2, even those earlier identified, were significantly associated with SLE. However, this may be because set 2 had 344 fewer people than set 1 and only included 507 people from set 1.
In the third collaborative genotyping experiment, 90 SNPs spanning the entire LYN gene were genotyped in European-derived subjects, in addition to large AfricanAmerican (582 cases and 750 controls) and Korean (661 cases and 781 controls) populations. The analysis of European-American set 3 was performed on all subjects (set 3a), females only (set 3b) and males only (set 3c). The strongest LYN association in the whole EuropeanAmerican dataset was observed with rs6983130, a SNP located in the 5 0 untranslated region within the first intron near the transcription initiation site (principle component analysis (PCA) corrected P ¼ 0.002, OR ¼ 0.79 (95% CI: 0.68-0.92)). When removing the males from the analysis, a female-only analysis strengthened the association with rs6983130 (PCA corrected P ¼ 0.00017, OR ¼ 0.75 (95% CI: 0.64-0.87)), suggesting that there may be a slight gender influence at this particular SNP. Set 4 contains the European American (EA) subjects in set 3a plus 1404 subjects from the United Kingdom and Sweden. Results from these separate analyses are shown in Supplementary Tables 2a-i. It is interesting to note that the addition of the 1404 European samples did not significantly affect the results observed when analyzing set 3a alone.
Two of the SNPs in this region and one adjacent SNP were typed in an independent European-derived population of 1400 female cases and 1595 female controls (set 5). None of the SNPs typed in this confirmation population showed significance. Similarly, none of the LYN SNPs typed in the African-American (set 6) or Korean populations (set 7) showed association with SLE.
Overall association summary
As our results were obtained from overlapping experiments, both at the sample and typed SNP level, we combined our European population analysis to obtain the maximum independent association for each individual SNP as shown in Supplementary Table 2i online. The number of independent cases and controls used to assess association for each SNP is appropriately indicated. A summary of the maximum independent association for the four European subsets based on gender is shown in Table 2 . Interestingly, rs6983130 continued to be significant in all European-derived populations. rs6474026, which is 254 bp downstream of rs6983130 (r 2 ¼ 0.966 and D 0 ¼ 0.993, see Supplementary Figure 1s online), was most strongly associated with the European female subset (P ¼ 0.005, OR ¼ 0.86 (95% CI: 0.77-0.96)) but also showed association (Po0.02) with the other three European subsets. It is also of interest, that only in the combined analyses containing the 1404 European-derived subjects along with the EuropeanAmerican sets 1-3, does one observe association with the an earlier reported rs7829816, 24 with the peak in the female only European-derived subset (P ¼ 0.0028, OR ¼ 0.85 (95% CI: 0.76-0.95), Table 2 and Supplementary Tables 2a-i  online) .
Stratification by ACR criteria Significant association was also observed when European-American female lupus cases (set 3b) were further stratified based on the presence of American College of Rheumatology (ACR) clinical criteria (Table 3 and  Supplementary Tables 3a-e online) . rs6983130 again produced the strongest association when lupus cases were stratified by hematological disorders. The OR without stratification was 0.79 (95% CI: 0.69-0.91) whereas the OR ¼ 0.75 (95% CI: 0.62-0.89) in female subjects with hematological disorders. Interestingly, several SNPs (rs2667985, rs4738466 and rs7824121) were Genetic association between LYN and SLE R Lu et al more strongly associated when lupus cases were stratified based on discoid rash (Table 3 ). Table 5s shows the frequencies of the autoantibody positive and negative female cases and controls as assessed by the BioPlex 2200 ANA assay. All autoantibodies were significantly correlated with case status. Table 4 and  Supplementary Tables 4a-d online summarize the logistic regression analysis of association with autoantibody status as a covariate factor. Of the 10 lupus-specific autoantibodies tested, anti-dsDNA, anti-chromatin, antiSm and anti-52 kDa Ro each strengthened the association of rs6983130 with SLE when used as covariates in the analyses. Although the P-values do not reach significance when correcting for multiple testing, there is clearly a trend towards significance with a clear enhancement of the ORs, especially for anti-chromatin (P ¼ 0.0097, OR ¼ 0.59 (95% CI: 0.39-0.88)) compared with the analysis without applying the covariate (P ¼ 0.096, OR ¼ 0.75 (95% CI: 0.53-1.05)). The SLE GWAS identified SNP (rs7829816) was not significantly associated with any of the autoantibodies when used as covariates in the analysis.
Autoantibodies as covariate factors
A logistic regression analysis evaluating the effect of autoantibody specificities as a covariate on Europeanderived female patient (set 3b) associations for 90 SNPs typed in LYN was performed. Supplementary
Discussion
To date our study is the largest to examine the possible genetic association of LYN with SLE in multiple large populations of different ancestries (European-derived, African-American and Korean). Although our study does replicate an earlier observed association with rs7829816, 24 data from our study suggests that this association is not a dominant lupus effect.
The strongest and most consistent association found in this study was at rs6983130, which is within the first intron at the 5 0 end near the primary transcription initiation site (Figure 1 ). This SNP showed the strongest association in the European-American female population (set 3b). There did seem to be a strong gender influence with this SNP when analyzing only female subjects. In addition, rs6983130 showed the strongest association in the ACR subset analysis with hematological manifestations. rs6983130 also showed associations with autoantibodies strongly associated with the development of SLE, specifically anti-dsDNA, anti-chromatin, anti-52 kDa Ro and anti-Sm when one used autoantibody positivity as a covariate in a logistic regression analysis.
Although the associations uncovered in LYN do not meet a strict genome-wide association significance level, associations at rs6983130 (P ¼ 0.00017, OR ¼ 0.75 (95% CI: 0.64-0.87) in the European-American females (Set 3b) do meet a stringent application of the Bonferroni's correction for multiple testing and the permutation testing P-value (100 000 permutations) was 0.00018, which shows that the association at this particular SNP is significant. LYN represents a gene with a small effect in the etiology of SLE and may interact with other SLE-associated genes.
This study has evaluated polymorphisms in the LYN gene located B2 kb upstream of the transcription initiation site through to the 3 0 untranslated region. The linkage disequilibrium observed in this region suggests that very small, tightly associated blocks are found throughout the large first intron (Supplementary Figure  1s) . Two additional, much larger blocks span the coding region of the gene. Two of the three polymorphisms in a related src-family tyrosine kinase, BLK, recently described as being strongly associated with SLE from three separate SLE GWAS, 10, 24, 25 are found far upstream of the BLK proximal promoter. As the genomic structure of LYN is remarkably similar to that of BLK, it is possible that by analogy that untyped SNPs further upstream of the LYN promoter may drive the observed LYN association. Future studies aimed at more extensive SNP genotyping upstream of those typed here are warranted. Abbreviations: ACR, American College of Rheumatology; OR, odds ratio; 95% CI, 95% confidence interval; SNP, single nucleotide polymorphism.
Materials and methods
DNA samples
The numbers in parenthesis in the headings represent the (#cases meeting the tested criteria/total #controls). The P-value and odds ratio improvements are shown in bold.
Genetic association between LYN and SLE R Lu et al for Medical Research in New York, the United Kingdom and Sweden (Table 1 and Supplementary Table 1s online). All SLE patients met at least four of the 11 revised SLE classification criteria of the ACR. 26, 27 DNA was isolated from biological specimens provided from each participant after obtaining informed consent as approved by the recruiting site Institutional Review Boards or Ethical committees.
Genotyping
We genotyped 90 SNPs spanning the LYN gene including known potentially functional SNPs and SNPs from predicted haplotype blocks in multiple ancestries. Genotyping was carried out in three separate multiinvestigator collaborative experiments. The first experiment corresponding to set 1 (Table 1) included 1538 user-selected SNPs genotyped on a custom Illumina BeadStation array using Golden Gate assay technology. In this first study, only 14 SNPs were typed in LYN. The second collaborative experiment (set 2, Table 1 ) consisted of two separate Illumina BeadXpress custom genotyping arrays where 96 and 384 user-selected SNPs were genotyped. In the second study, only 18 SNPs were typed in LYN. The third experiment was a large, multiuser experiment where 20 506 individual investigator SNPs were genotyped in a large study containing European-derived (2165 European-derived SLE patients and 2902 healthy controls), African-American (582 SLE patients and 750 healthy controls) and Korean (661 SLE patients and 781 healthy controls) populations. The Illumina BeadStation using iSelect assay technology was used to obtain genotypes from these populations. In this third study, only 73 SNPs were typed in the LYN gene. Data from sets 3a-c, 4, 6 and 7 (Table 1) correspond to the genotyping obtained from this third custom genotyping experiment. Finally, data for set 5 (Table 1) corresponds to Illumina BeadXpress genotyping of a Table 4 Summary results from a logistic regression association analysis in 301 female cases and 298 controls with autoantibodies as covariates Genetic association between LYN and SLE R Lu et al European-derived replication population in Dr Alarcó nRiquelme's laboratory in Sweden. The demographics of this population are outlined in Table 1 and Supplementary Table 1s data online.
Quality control of genotyping
Genotype data were only used from samples with a call rate greater than 90% of the SNPs screened (98.05% of the samples). The average call rate for all samples was 97.18% Only genotype data from SNPs with a call frequency greater than 90% in the samples tested and an Illumina GeneTrain score greater than 0.7 (96.74% of all SNPs screened) were used for analysis.
Single SNP analysis Case-control associations and Hardy-Weinberg proportions were calculated using PLINK. 28 Only SNPs with minor allele frequencies o0.01 and Hardy-Weinberg proportions in the controls Po0.001 were used for the analysis. The allelic frequencies were calculated for each SNP and case-control associations were analyzed by standard Pearson's w 2 -square test. P-values were considered statistically significant only if they met the experiment specific significance level to account for multiple testing using the Bonferroni's method. For data in set 1, this cutoff was Po0.004, in set 2 the cutoff was Po0.003 and in sets 3a-c, 4, 6 and 7 the cutoff was Po0.0006. ORs and 95% CIs were calculated for each SNP using logistic regression. In addition, for the data in sets 3 and 4, principle component values derived as outlined below were used as covariates in the association analysis to correct for possible residual European population substructure.
Population stratification analysis
The European-derived samples used in sets 3 and 4 were part of a collaborative study, where population substructure parameters were defined using a PCA performed on 20 506 SNPs. 24, 29 Four principal components were initially identified that explained a total of B60% of the observed genetic variation and allowed identification of outliers from the European cluster. Before outlier removal, the estimated inflation factor (l) was 1.84. After removal of outliers, the inflation factor was 1.12 indicating that these cleaned data should have a very-small population substructure effect on our results. In addition, after trimming of outliers, another round of PCA was performed and five newly calculated PCA values were used as covariates in the subsequent association analysis to correct for any residual European population substructure effects. No additional outliers were identified using the new PCA values, which produced a final inflation factor of 1.15.
Logistic regression analysis using bioplex2200 normalized intensity as covariates The BioPlex 2200 (Bio-Rad, Hercules, CA, USA) is a highthroughput automated serological analysis unit that utilizes multiplex bead technology for antibody detection. The BioPlex results are reported on a scale from 0 to 8. This scale is set relative to calibrator positive and negative control samples provided by the manufacturer. The defined positive cut-off value for each assay is then set to 1.0, with Factor XIII index greater than 0.2 as serum validation control. However, dsDNA is reported in IU ml À1 with a positive cut-off of 10.0IUml
À1
. Ten of 13 autoantibodies commonly associated with lupus (dsDNA, chromatin, ribosomal P, 60 kDa Ro (SS-A 60), 52 kDa Ro (SS-A 52), La (SS-B), Sm, Sm/RNP complex, nRNP A and nRNP 68) were evaluated using BioPlex 2200 in the stored serum from 301 patients and 298 controls of the independent European female population. Autoantibody levels above the threshold were considered positive and denoted as one, whereas the negative samples were denoted as 0 in the dichotomous covariate data set. Each autoantibody was entered individually into the logistic regression model as a covariate. The P-value and ODs with 95% CI of the logistic model were calculated using PLINK. 28 Association with LYN in lupus-specific subsets defined by ACR criteria To assess the potential role of LYN in SLE development and disease etiology, cases were stratified based on the presence of the 11 ACR clinical criteria and associations were analyzed comparing the stratified lupus patients to all 1594 unrelated European-derived controls using PLINK. 28 The ACR clinical criteria information was obtained from the Lupus Family Registry and Repository and individual investigators.
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